Introduction
============

Ewing sarcoma (EWS) is a malignant primitive bone tumor, that mainly affects children and young adults, with a high tendency to metastasize to lung and/or bone ([@b1-or-37-03-1387],[@b2-or-37-03-1387]). Unlike carcinomas, sarcomas arise abruptly and diffuse micrometastases are thought to be present at the time of diagnosis as indicated by a survival rate as low as 5% in patients treated with surgery alone ([@b3-or-37-03-1387]). Although significant improvements in prognosis have been reported in patients with localized tumors at diagnosis, prognosis for patients with metastasis remains very disappointing ([@b4-or-37-03-1387],[@b5-or-37-03-1387]) and less than few treatment options can be offered to metastatic patients, indicating that new drugs are required. Thus, the primary need in the field is a deeper understanding of the biology of the metastasic process in EWS in order to facilitate the development of therapeutic agents that may specifically counteract cell dissemination and optimize systemic-disease control.

The key cellular processes underlying metastasis include the ability of cancer cells to migrate toward new environments outside of the primary tumor. The two major types of cancer migration (mesenchymal or amoeboid) require different intracellular molecular signaling but both rely on driving forces generated by actin cytoskeleton dynamics. The actin status is in fact used as a signaling intermediate by several pathways, including the Rho/Rac GTPases and the Hippo-pathway, which culminate in the transcriptional regulation of cytoskeletal and growth-promoting genes, respectively. In particular, the main downstream effectors of the Rho family GTPases, ROCK1 and ROCK2, are serine-threonine kinases that, through the phosphorylation of several target substrates linked to cytoskeleton organization, control multiple events in cell migration, such as regulation of actomyosin contractility, formation of stress fibers, rear retraction and turnover of focal adhesions ([@b6-or-37-03-1387]). The implication of ROCK1 and ROCK2 in cancer cell dissemination and metastasis is therefore not surprising. Although the effects of ROCK activity on migration and invasion have been found to be dependent on the cellular context, ROCK overexpression has been associated with greater invasion and poor survival in many tumors, including hepatocellular carcinoma ([@b7-or-37-03-1387]), osteosarcoma ([@b8-or-37-03-1387]), breast ([@b9-or-37-03-1387]), testicular ([@b10-or-37-03-1387]), colon ([@b11-or-37-03-1387]) and bladder cancer ([@b12-or-37-03-1387]). Conversely, ROCK inhibition or depletion frequently produces suppression of invasion and metastasis ([@b7-or-37-03-1387],[@b13-or-37-03-1387]--[@b15-or-37-03-1387]), thus supporting the view of ROCK inhibitors as a novel therapeutic strategy to block the migration and invasion of metastatic cancers. Most of the anti-ROCK agents currently available are inhibitors that simultaneously target both the two kinases ROCK1 and ROCK2, in the hypothesis that the two isoforms drive similar intracellular signaling pathways and biological processes. However, despite their high degree of sequence homology and substrate promiscuity, several studies have clearly reported how the two isoforms may exhibit individual physiological roles ([@b16-or-37-03-1387],[@b17-or-37-03-1387]) and give distinct contribution to cancer progression ([@b18-or-37-03-1387]).

In this study, we analyzed the role of ROCK isoforms in EWS malignancy and evaluated the *in vitro* efficacy of pan- vs. specific ROCK inhibitors. Our results indicate that targeting of ROCK2 could represent an effective approach to counteract EWS malignancy in favor of cell differentiation.

Materials and methods
=====================

### Cell lines and treatments

SK-ES-1, SK-N-MC, and RD-ES EWS cell lines were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA); TC-71 and 6647 cell lines were a generous gift from T.J. Triche (Children\'s Hospital, Los Angeles, CA, USA); WE-68 was established and kindly provided by F. van Valen (University Hospital Muenster, Muenster, Germany); A673, STA-ET 2.1 and STA-ET 2.2 EWS cell lines were a kind gift from H. Kovar (St. Anna Kinderkrebsforshung, Vienna, Austria); the latter two cell lines were established from the primary tumor and a bone marrow infiltrate of the same patient ([@b19-or-37-03-1387]). LAP-35 was previously established and characterized at the Istituto Ortopedico Rizzoli, Bologna, Italy ([@b20-or-37-03-1387]). IOR/CAR was established and characterized at the Experimental Oncology Laboratory of the Istituto Ortopedico Rizzoli, Bologna, Italy, from an EWS patient. All cell lines were tested for the absence of mycoplasma contamination by MycoAlert™ Mycoplasma Detection kit (Lonza, Allendale, NJ, USA), last control March 2015, and authenticated by STR analysis using genRESVR MPX-2 and genRESVR MPX-3 kits (Serac, Bad Homburg, Germany). The following loci were verified: D16S539, D18S51, D19S433, D21S11, D2S1338, D3S1358, D5S818, D8S1179, FGA, SE33, TH01 and TPOX VWA. Last control was performed in November 2012. Cells were cultured in a humidified 5% CO~2~ atmosphere at 37°C in Iscove Modified Dulbeccos medium (IMDM; Lonza) supplemented with 10% fetal bovine serum (FBS; EuroClone S.p.A, Milan, Italy), and 1% penicillin-streptomycin.

To inhibit ROCK kinases the pan-ROCK inhibitor (*R*)-(+)-*trans*-4-(1-aminoethyl)-N-(4-pyridyl)cyclohexanecarboxamide dihydrochloride (Y27632) (Calbiochem, San Diego, CA, USA) as well as the ROCK2 inhibitor N-(2-(2-(dimethylamino)ethoxy)-4-(1H-pyrazol-4-yl)phenyl)-2,3dihydrobenzo\[b\]\[1,4\]dioxine-2-carboxamide (Stemolecule™ ROCKII Inhibitor; Stemgent, Cambridge, MA, USA) were used.

### Analysis of growth features in monolayer conditions

The effects of ROCK inhibition on cell growth was determined by daily harvesting of cells after the seeding of 25,000 cells/cm^2^ (for the 6647 cell line) or 50,000 cells/cm^2^ (for the SKES-1 cell line) in IMDM and 10% FBS. ROCK inhibitors (10 µM) were added to the culture medium 24 h after seeding. Cell viability was determined by trypan blue vital cell count.

### Motility assay

Motility assay was performed using Transwell chambers (Costar, Cambridge, MA, USA). Cells (1×10^5^) were seeded in the upper compartment in the presence or not of the ROCK inhibitors (10 µM), and incubated for 18 h in a humidified 5% CO~2~ atmosphere at 37°C. The migrated cells were fixed in absolute methanol, counterstained with Giemsa (CARLO ERBA Reagents S.A.S., Milan, Italy) and counted. All the experiments were performed in triplicate.

### Soft agar assay

Anchorage-independent growth was determined in 0.33% agarose (SeaPlaque™ Agarose; Lonza) with a 0.5% agarose underlay. Cell suspensions (1×10^3^) were plated in semisolid medium (IMDM 10% FBS plus agar 0.33%) in the presence or not of the ROCK inhibitors (10 µM), and incubated at 37°C in a humidified 5% CO~2~ atmosphere. Colonies were counted after 10 to 14 days. All of the experiments were performed in triplicate.

### Western blotting

Cells were lysed with phospho-protein extraction buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, 1 mM EGTA, 1 mM NaF, supplemented with protease-phosphatase cocktail inhibitor (Sigma-Aldrich, St. Louis, MO, USA). Equivalent amounts of total cell lysates were separated by 7.5% SDS-PAGE under denaturating conditions and transferred onto nitrocellulose membrane. Membranes were incubated overnight with the following primary antibodies: rabbit polyclonal anti-ROCK1 (H-85, sc-5560; Santa Cruz Biotechnology, Inc., San Diego, CA, USA) (1:1,000), goat polyclonal anti-ROCK2 (C-20, sc-1851; Santa Cruz Biotechnology) (1:1,000), mouse monoclonal anti-actin (C-4, MAB1501; Chemicon International, Inc., Temecula, CA, USA) (1:100,000). Donkey anti-rabbit (NA934; GE Healthcare, Piscataway, NJ, USA), donkey anti-goat (sc-2020; Santa Cruz Biotechnology) or sheep anti-mouse (NA931; GE Healthcare) horseradish peroxidase-linked secondary antibodies were employed and the signal was revealed by ECL western blotting detection reagents (EuroClone). Densitometric analysis was performed using GS-800 Imaging Densitometer and Quantity One 4.6.9 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Immunofluorescence

EWS cells were seeded at low density on fibronectin-coated coverslips in standard medium. After 48 h, cells were exposed to ROCK inhibitors (2 µM or 10 µM). Twenty-four hours later, the cells were fixed in 4% paraformaldehyde, permeabilized with 0.15% Triton X-100 in phosphate-buffered saline (PBS), and incubated overnight with the mouse monoclonal anti-βIII-tubulin antibody (SDL.3D10, T5076; Sigma-Aldrich) (1:50). Goat polyclonal anti-mouse FITC (31569; Pierce Biotechnology, Inc., Rockford, IL, USA) (1:100) was used as a secondary antibody. Nuclei were counterstained with Hoechst 33256 (Sigma-Aldrich). For neurite outgrowth assay, the cells were classed as differentiated if they exhibited an outgrowth extending from the cell which was at least 1.5 times the diameter of the cell. At least 200 cells from five randomly selected fields were counted from each slide.

### Analysis of apoptosis

Detection and quantification of apoptotic cells was obtained by flow cytometric analysis (FACSCalibur; Becton Dickinson, San Jose, CA, USA) of Annexin V-FITC-labeled cells. This test was carried out according to the manufacturer\'s instructions (code no. 4700, Mebcyto^®^ apoptosis kit; Medical & Biological Laboratories, Naka-ku Nagoya, Japan).

### Statistical analysis

Correlation analysis was performed using Spearman\'s rank correlation coefficient. Differences among means were analyzed using the 2-tailed Students t-test.

Results
=======

### ROCK2, rather than ROCK1, affects EWS malignancy

Taking into account the pivotal role of ROCK-kinases in regulating actin cytoskeleton and cell movement, ROCK1 and ROCK2 expression levels were evaluated by western blotting on a panel of representative, patient-derived EWS cell lines ([Fig. 1A](#f1-or-37-03-1387){ref-type="fig"}). With the only exception of LAP-35, which barely expressed both the kinases, ROCK1 and ROCK2 were expressed in all EWS cell lines, with a generally higher expression of ROCK1 with respect to ROCK2. However, only the expression of ROCK2 appeared to be important for EWS aggressive behavior. Indeed, whenever ROCK expression levels were analyzed in relation to migration capabilities and anchorage-independent growth properties of EWS cells ([Fig. 1B and C](#f1-or-37-03-1387){ref-type="fig"}), a direct correlation was observed for ROCK2 (Spearman correlation test: r=0.791; p=0.002 and r=0.661; p=0.033 respectively), but not for ROCK1 (Spearman correlation test: r=0.400; p=0.210 and r=0.273; p=0.425 respectively). This association was confirmed when the expression of the ROCKs was analyzed in STA-ET 2.1 and STA-ET 2.2, two cell lines that were generated from the primary tumor and a bone marrow infiltrate of the same EWS patient ([@b19-or-37-03-1387]). Expression of ROCK2, but not of ROCK1, was increased in the cell line that was derived from metastasis compared to that derived from the primary tumor ([Fig. 1D](#f1-or-37-03-1387){ref-type="fig"}), in agreement with the more aggressive phenotype of the STA-ET 2.2 cells ([Fig. 1E](#f1-or-37-03-1387){ref-type="fig"}).

To further confirm the prevalent role of the isoform ROCK2 in the malignancy of EWS cells, we compared the *in vitro* efficacy of Stemolecule™ ROCKII Inhibitor, a specific ROCK2 inhibitor ([@b21-or-37-03-1387]) with that of Y27632, which blocks both ROCK1 and ROCK2 activity. Activity of the two compounds was analyzed in the 6647 and SKES-1 cell lines, as representative of EWS cells with a high or intermediate expression of ROCK2. Both inhibitors significantly reduced the migration of the EWS cells *in vitro*. The specific ROCK2 inhibitor appeared, however, to be more effective, particularly in the cells showing the highest expression of ROCK2 ([Fig. 2A](#f2-or-37-03-1387){ref-type="fig"}). The higher efficacy of the ROCK2 inhibitor was also confirmed with respect to cell growth in an anchorage-independent condition. The number of colonies in soft agar, an *in vitro* assay closely suggestive of tumor malignancy level ([@b22-or-37-03-1387]), was significantly lower after cell exposure to the ROCK2 inhibitor than to Y27632 ([Fig. 2B](#f2-or-37-03-1387){ref-type="fig"}), further confirming the prevalent role of ROCK2 in regulating EWS aggressiveness.

### Blockage of ROCK2 activity inhibits cell proliferation and favors cell differentiation of EWS cells

EWS, 6647 and SKES-1 cells were treated with the ROCK2 or Y27632 inhibitor in monolayer conditions to explore the additional effects of these agents on cell proliferation, survival and differentiation. Recent reports have shown that the RhoA-ROCK pathway is pivotal in the control of neurite outgrowth and its inhibition ([@b23-or-37-03-1387]). We showed here that inhibition of ROCK2 improved neuronal differentiation of EWS cells. Both Y27632 and the specific ROCK2 inhibitor were able to promote neurite outgrowth and to induce expression of β-III-tubulin ([Fig. 3A and B](#f3-or-37-03-1387){ref-type="fig"}). This was accomplished with marked changes in EWS cell shape ([Fig. 3C](#f3-or-37-03-1387){ref-type="fig"}), in line with the role of ROCK as a regulator of cytoskeletal dynamics: EWS cells lost the capability to grow in suspension, acquired increased adherence to the culture matrix and developed long neurite-like extensions, acquiring a cellular phenotype consistent with neural differentiation. Although these effects were observed after exposure of the cells to the two inhibitors, ROCK2 inhibitor appeared to be more effective in inducing cell shape variations and neural differentiation already at the lower dose of 2 µM ([Fig. 3B and C](#f3-or-37-03-1387){ref-type="fig"}). When tumor growth was examined in parallel with differentiation, we observed reduction in the EWS cell growth rate only after treatment with the ROCK2 inhibitor but not with the pan-ROCK inhibitor Y27632 ([Fig. 4](#f4-or-37-03-1387){ref-type="fig"}). Neither ROCK2 inhibitor nor Y27632 induced apoptotic cell death (data not shown).

Discussion
==========

In the present study, we provide evidence that the specific blockage of ROCK2 activity significantly affects cell migration and growth, and induces marked modification in cell shape, driving EWS cells toward a neurally differentiated phenotype. The role of morphology in tumor progression has become evident in recent years and the shape of a cell has been shown to regulate cancer cell differentiation, proliferation, survival, and motility through the activation of mechanosensitive transcriptional regulators, which are able to link shape information with gene expression ([@b23-or-37-03-1387]--[@b30-or-37-03-1387]). Despite the existing evidence on the role of the transcriptional coactivators Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) in mechanotransduction, the signaling mediators linking cell shape to modulation of cell differentiation and migration are still poorly understood. ROCK kinases have been shown to participate in a wide range of cellular functions, including control of cell morphology, proliferation and differentiation in addition to their well-known role as regulators of cell migration and invasion ([@b31-or-37-03-1387]). These effects are likely due to ROCK activity in the regulation of cytoskeletal structures and the formation of actin stress fibers. Noteworthy, YAP/TAZ response to cytoskeletal tensions requires Rho/ROCK signaling, and inhibition of ROCK2 significantly inhibits nuclear localization of YAP/TAZ ([@b25-or-37-03-1387]). In this study, we highlighted the privileged role of ROCK2 with respect to ROCK1 in the regulation of EWS malignancy. It is the specific inhibition of ROCK2, rather than the use of a pan-ROCK inhibitor, that significantly reduced cell migration and growth *in vitro*, while inducing cell differentiation. This evidence is in line with our previous study concerning the role of ROCK2 in osteosarcoma ([@b21-or-37-03-1387]). The effects of ROCK2 inhibition on cell differentiation may be particularly relevant in mesenchymal tumors, which are highly malignant and poorly differentiated cancers. Differently from other solid tumors, sarcomas are thought to derive from molecular aberrations occurring during the differentiation process of mesenchymal stem cells and they could be reprogrammed to resume normal differentiation ([@b32-or-37-03-1387]). The specific inhibition of ROCK2 thus offers an intriguing approach for the design of new options for the treatment of these tumors, also considering that any effects on cell differentiation in sarcomas may also affect stem cell pluripotency and cell fate. We found that, in EWS cells, ROCK2 inhibition induced the acquisition of a neuron-like morphology, increased expression of neuronal markers and, concurrently, slowed down proliferation. This is in line with studies that highlight the pivotal role of the RhoA-ROCK pathway in the control of neurite outgrowth ([@b23-or-37-03-1387]), and the pro-differentiation activity of ROCK inhibitors in mesenchymal stem cells towards the neuronal lineage ([@b33-or-37-03-1387]). Achieving a greater understanding of the pathways involved in neuritogenesis may help the identification of novel therapeutic targets for the treatment of neurodegenerative diseases. By indicating for the first time that ROCK2, besides its well-described anti-migratory activity, is also crucial for re-directing a tumor cell toward neural differentiation, the present study opens new avenues for the therapeutic use of ROCK inhibitors also in oncology.

Overall, our observations indicate that the specific inhibition of ROCK2 can facilitate EWS cell differentiation toward a neural phenotype, in addition to decreasing cell proliferation and migration. Although all of these effects were also observed by using the pan-ROCK inhibitor Y27632, specific deprivation of ROCK2 activity provided an advantage in terms of efficacy. Further investigations in term of toxicity, dosage and side effects are warranted. However our findings render ROCK2 inhibition a promising candidate for novel treatment against EWS.
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![ROCK2, rather than ROCK1, affects Ewing sarcoma (EWS) malignancy. (Α) Densitometric analysis of ROCK1 and ROCK2 expression evaluated by western blotting in a representative panel of EWS cell lines. ROCK1/actin and ROCK2/actin ratios are expressed as adjusted volume optical density (OD/mm^2^) and each column represents mean ± SE of at least three separate experiments. (Β) Migration ability of EWS cell lines. Each column represents mean ± SE of at least two separate experiments. (C) Anchorage-independent growth of EWS cell lines. Each column represents mean ± SE of at least two separate experiments. (D) Western blotting of ROCK2 and ROCK1 expression in STA-ET 2.1 and STA-ET 2.2 EWS cell lines. Equal loading was monitored by anti-actin blotting. (E) Migration ability (left panel) and anchorage-independent growth (right panel) of the STA-ET 2.1 and STA-ET 2.2 EWS cell lines. Each column represents mean ± SE of at least two separate experiments. \*P≤0.05; \*\*P≤0.001, paired Students t-test.](OR-37-03-1387-g00){#f1-or-37-03-1387}

![ROCK2 inhibition impairs the migratory properties and anchorage-independent growth capabilities of human Ewing sarcoma (EWS) cell lines. Effect of the Y27632 inhibitor (10 µM) and the Stemolecule™ ROCKII Inhibitor (10 µM) on (A) migration and (B) growth in soft agar of 6647 (left panels) and SKES-1 (right panels) cell lines. Each column represents the mean ± SE of at least two separate experiments performed in triplicate. \*P≤0.05; \*\*P≤0.001, paired Students t-test.](OR-37-03-1387-g01){#f2-or-37-03-1387}

![ROCK2 inhibition affects the differentiation properties of Ewing sarcoma (EWS) cells. (A) Effect of the Y27632 inhibitor (2 µM and 10 µM) and the Stemolecule™ ROCKII Inhibitor (2 µM and 10 µM) on neurite outgrowth. Each column represents the mean ± SE of the percentage of cells bearing neurites from at least five randomly selected fields. The numbers above each bar represent the ratio between the total number of cells bearing neurites and the total number of cells counted. \*\*\*P≤0.0001, paired Students t-test. (B) Immunostaining of βIII-tubulin in the 6647 (upper panel) and SKES-1 cells (lower panel) treated with Y27632 inhibitor (2 µM and 10 µM) or the ROCK2 inhibitor (2 µM and 10 µM). Digital images were taken in identical conditions using the image analysis software NIS-Elements (Nikon Instruments S.p.A.). Magnification, ×600; scale bar, 20 µm. (C) Effect of the Y27632 inhibitor (2 µM and 10 µM) and the ROCK2 inhibitor (2 µM and 10 µM) on 6647 (upper panel) and SKES-1 (lower panel) cell morphology. Magnification, ×100.](OR-37-03-1387-g02){#f3-or-37-03-1387}

![ROCK2 inhibition and proliferation of Ewing sarcoma (EWS) cells. Effect of the Y27632 inhibitor (10 µM) and the ROCK2 inhibitor (10 µM) on the growth in monolayer cell culture of 6647 and SKES-1 cell lines.](OR-37-03-1387-g03){#f4-or-37-03-1387}
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